Comparison of genetic diversity of¯ax (Linum usitatissimum L.) between Canadian cultivars and a world collection 
Increased national and international eorts have been made to collect and preserve the genetic diversity of cultivated plants and their wild relatives in ex situ collections (genebanks). However, investigations for quanti®cation of intraspeci®c diversity in genebank collections or of the loss of genetic diversity in the on-farm sector are rare (FAO 1996) . Because of the lack of empirical data, it has been questioned whether genetic erosion occurs in cultivated plants (Evenson and Santaniello 1999) .
A comparison between the world¯ax collection and Canadian¯ax cultivars could show the range of diversity present in Canadian¯ax and might help to identify germplasm of potential use for plant breeding.
A major step in describing the diversity of L. usitatissimum was the taxonomic classi®cation system developed by Elladi (1940) . This system was based on an investigation of the¯ax collection at the Vavilov Institute, St Petersburg, Russia, and described 119 botanical varieties of cultivated¯ax based on morphological and geographical criteria. Some years later, an informal grouping of the species into six plant types with several subgroups was proposed by Dillman (1953) . Intraspeci®c taxa, such as subspecies (ssp.), convarietas (convar.), varietas (var.) and forma, are entities which are de®ned by particular combinations of character expressions in the plants. By assessing the number of botanical varieties present in a gene pool at dierent times it is possible to estimate genetic erosion (see Hammer et al. 1999 ). An assessment of the botanical varieties present in the world collection and in the Canadian cultivars is used here to compare the diversity present in these two gene pools.
The present study had two objectives: (1) to describe the genetic diversity in the world collection of cultivated¯ax using morphological and agrobotanical characters; and (2) to compare the phenotypically obvious genetic diversity in recent Canadian¯ax cultivars with the diversity found in the world collection based on single characters and character complexes.
Plant materials: The PGRC collection of¯ax, Linum usitatissimum L., is to a large extent a duplication of the¯ax collection maintained in the United States National Plant Germplasm System. An additional 340 accessions were acquired from other world genebanks to ®ll geographical gaps in the collection (N. I. Vavilov Institute, St Petersburg, Russia; All-Russian Flax Research Institute, Torzhok, Russia; IPK-Genebank, Gatersleben, Germany; AGRITEC, S AE umperk, Czech Republic). The collection also includes 19 Canadian¯ax cultivars released between 1947 and 1998 (see Kenaschuk and Rowland 1993) . The pedigrees of the Canadian cultivars are closely related to each other (G. G. Rowland, University of Saskatchewan, pers. comm.). In 1998, PGRC began rejuvenation and characterization of its¯ax germplasm. The characterization data from 1998 and 1999 was used for this overview. The 2331 accessions considered here had a yield of more than 10 g/plot and the oil analysis was completed for 2160 of them.
Field experiments: The plants were grown close to Saskatoon (latitude 52°10¢ N, longitude 106°41¢ W, 501 m above sea level), Saskatchewan, Canada, on loamy, dark chernozomic soils (Fung 1999) . From each accession, 2 g of seed was planted in 3-m long single rows with a distance of 30 cm between rows. Characterization was completed using a descriptor list similar to that proposed by an international¯ax working group (Pavelek 1998) . The 30 characters assessed include: phenological characters (4), morphological quantitative characters (6), seed oil content and composition (6) Tables 1 and 2 ). The morphological characters used as descriptors are reported to display high heritability (Dillman 1953, Diederichsen and Hammer 1995) . The data was collected from 1339 accessions grown in 1998 and 992 accessions grown in 1999. The dates of seeding were May 19 in 1998 and May 26 in 1999. The 1998 growing season had higher temperatures and less rainfall (153 mm) than in 1999 (277 mm). In general, 1999 had ideal conditions for growing¯ax and the seed yield from the plots was higher than in the ®rst year.
The seed oil content was measured using continuous wave nuclear magnetic resonance spectroscopy based on a sample of 10 g of¯ax seed at 3±4% water content. The fatty acid composition of the seed oil was analysed by gas chromatography. For qualitative characters an analogous approach was used. To express the diversity within the gene pool, the number of dierent classes (S) of character expressions was considered. To compare the diversity within the Canadian cultivars and the world collection, the number of all observed classes of character expressions in the Canadian cultivars was considered in relation to all classes of character expressions observed in the world collection: Comparison of genetic diversity of¯ax 361
The comparative diversity index is proposed as a robust indicator for comparison of the phenotypic diversity ranges of single characters of dierent gene pools.
To compare the diversity based on character combinations, the intraspeci®c classi®cation of Kulpa and Danert (1962) was applied. These authors described four convarieties for cultivated¯ax, which cover a total of 28 botanical varieties.
The summarized observations for all characters are presented in Tables 1 and 2 . For the phenological, morphological quantitative and seed-oil characters, the Canadian cultivars did not reach the extreme values found in the world collection. Also, the intra-gene pool diversity, as re¯ected by the coecient of variation, was, with the exception of some oil quality characters, always lower in the Canadian cultivars than in the world collection. The oil contents observed in the Canadian cultivars were in the upper range of those found in the world collection, yet the highest oil contents were not found within the Canadian cultivars. The world collection also contained accessions with deviating composition of fatty acids.
Reduced diversity within the Canadian cultivars was also re¯ected by the values for the comparative diversity indices (D comp. ), which ranged from 15.2% for plant height to 75.5% for palmitic acid content. The diversity of the Canadian cultivars observed in seed weight (D comp. 11.5%) and plant height (15.2%) was narrow compared with the world collection. A wide range of diversity for fatty acid compositions was observed in the Canadian cultivars. For the qualitative characters, the Canadian cultivars covered most of the dierent classes of character expression observed in¯ax (Table 2) . Various¯ower parts had colorations present in the world collection which were not found in the Canadian cultivars.
The accessions' passport data allowed for a geographical analysis of the observations. Plant height of¯ax from Eastern Asia was very high, which was due to the strong representation of ®bre¯ax from China in the PGRC collection. Flax from India was generally short, but had large seeds and high oil content. Flax from the Mediterranean area had large seeds.
The Canadian¯ax cultivars all belong to the convar. usitatissimum and to one of the two botanical varieties var. usitatissimum or var. caesium How. et Rham. The other three convarieties described by Kulpa and Danert (1962) , which include a further 26 botanical varieties, could only be found in the world collection.
The results from comparison based on ranges of expression for single characters show that the world collection contains accessions that exceed the Canadian¯ax cultivars considerably in diversity of economically important characters such as seed weight, oil content and plant height. These accessions should be investigated more carefully in replicated ®eld trials.
The low number of Canadian¯ax cultivars (n 19) still represent a wide range of phenotypic diversity compared with a world collection (n 2331). This may indicate that the phenotypic variation does not re¯ect the genotypic variation well since environmental in¯uence on the observed character expressions is too large for description of genetic diversity. However, according to other reports, the characters used show high heritability and should therefore re¯ect the genotypic diversity well. The reported heritabilities are not as high for the seed oil characters (Seehuber and Dambroth 1983) and the values observed can only be considered as an indication for what can be expected to be found in¯ax. The characters Canadian¯ax breeders have historically based their selection decisions on (e.g. plant height, seed weight, seed colour, petal colour and oil content) are more reduced in diversity than characters which are not of relevance (e.g. dotting of the sepals, style colour, ciliation of capsule septa) or have formerly not been observed (oil quality characters) by plant breeders.
The fact that only two out of 28 botanical varieties described were observed in Canadian¯ax cultivars can also be expressed in percentage (7.1%). This indicates much less diversity in the Canadian cultivars than judgements based on single characters.
Isolated examination of single characters and their behaviour is useful for detecting interesting genotypes. However, for determination of unique character complexes, the existing intraspeci®c classi®cations for¯ax can be used. This approach seems more holistic since it pays tribute to the fact that a plant or an accession has a place in the gene pool which is de®ned by many characters. The application of the intraspeci®c classi®-cation also allows for direct reference to fundamental historical studies on¯ax diversity based on this principle.
